Phosphorene is a new two-dimensional material composed of a single or few atomic layers of black phosphorus. Phosphorene has both an intrinsic tunable direct band gap and high carrier mobility values, which make it suitable for a large variety of optical and electronic devices.
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Even though graphene has a very high potential in electronics, its semi-metallic character [1] is a significant limitation for a large variety of electron devices. This limitation can be overcome by the use of new emerging two-dimensional (2D)materials such as silicene, [2] [3] [4] [5] germanene, [6] [7] [8] transition metal di-chalcogenides, [9] [10] [11] hBN, [12] [13] [14] and phosphorene. [15] [16] [17] Phosphorene is composed of a single layer of black phosphorus, presents electronic and optical properties that are ideally suited to future electronic/optoelectronic devices because of the combination of an intrinsic tunable direct band gap, with high carrier mobility. [18] In addition phosphorene has a special property: stacking phosphorene layers together enables the band-gap to be shifted significantly from the infra-red to the visible range, since bulk black phosphorus [19] [20] [21] has a gap 0.35 eV, and one monolayer of phosphorene [22] a gap of 1.5 eV.
However, up to now the synthesis of phosphorene has been achieved mainly using exfoliation of bulk black phosphorus. Only basic electronic prototype devices have been reported, preventing any implementation into large scale electronic circuits. The demonstration of molecular beam epitaxy (MBE) growth of blue phosphorene, a new allotrope of black phosphorene, has been reported only very recently. [23] [24] [25] Indeed, since phosphorene is a very promising novel material for optical and electronic technology, the controlled synthesis of phosphorene, based on industrial processes such as MBE and chemical vapor deposition (CVD), is a necessary step for large scale applications.
Different allotropes of phosphorus exist of which the most stable is black phosphorus, [26] presenting a layered structure similar to graphite. However, unlike graphene, which is planar, phosphorene exhibits a strongly puckered structure. [27] Figure 1a shows a black phosphorene layer characterized by armchair ridges when viewed from the side. It has been reported [23] that a specific dislocation in black phosphorene induces a new structure with zigzag puckering, called blue phosphorene (Figure 1b) . The lattice constants are a1 = 0.437 nm and a2 = 0.331 nm for black phosphorene, [20, 23, 24] and a1 = a2 = 0.328 nm for blue phosphorene. [24, 28] Up to now, only a few studies have reported the growth of blue phosphorene (bl-P hereafter)
on a Au(111) substrate using the MBE method. [23] [24] [25] There it has been shown that deposition of 1 monolayer (ML) of phosphorus induces a (5 × 5) periodic structure. However, the proposed model of the atomic structure is under debate. Indeed, a number of discrepancies exist between the published scanning tunneling microscope (STM) images and the calculated structures reported in these articles.
In this article, we present a detailed investigation of the growth of blue phosphorene on Au(111) using MBE. Several surface sensitive techniques are employed: low energy electrons diffraction (LEED), in situ low temperature scanning tunneling microscopy (LT-STM), photoemission spectroscopy (PES), and angle resolved photoemission spectroscopy (ARPES).
The epitaxy of blue phosphorene on Au(111) induces two different structures exhibiting both the (5 × 5) periodicity in contrast with the one structure reported in ref. 23 . The goal of this work is to focus mainly on a new extended structure of blue phosphorene exhibiting three protrusions in the STM images instead of six. The Au(111) surface was held at 260°C during the deposition. In Figure 2a we observe the (1 × 1) spots surrounded by satellites corresponding to the well-known (22 ×√3) reconstruction of Au. [5] In Figure 2b , the deposition of phosphorene yields a (5 × 5) structure in agreement with one reported in refs. [23] [24] [25] . For greater clarity, the six outer symmetric spots originating from the Au(111) substrate are indicated by full circles in both images. We also observe in Figure 2b that the However, in our investigation, we observed only a few small areas formed by triangles with six protrusions within the long range ordered structure. We found that the most prevalent structure of the first deposited layer is composed of triangles with three protrusions, which cover large areas of the substrate, as shown in nm. [20] However, this distance is close to the lattice constant of blue phosphorene, where it corresponds to the second neighbor distance of phosphorus atoms. [23] The line profile measured along line B gives a distance of 0.69 nm between two neighboring triangles. for the phosphorus is very close to the one extracted from the STM images (0.35 nm), which is only 0.02 nm larger than the expected distance from standalone bl-P (0.328 nm). [23] This difference can be explained by the effect of the substrate on the sheet of phosphorene. The observed distance between the neighboring protrusions in the STM image (Figure 4b) corresponds to the distance between second nearest-neighbor phosphorus atoms. This suggests that the (5 × 5) sheet is formed by the honeycomb structure of the bl-P sheet. We can then deduce a projected distance of the nearest-neighbor distance of the phosphorus atoms of 0.202 nm. Combining the results of the LEED and the high-resolution STM images, we deduced that the deposition of 1 ML of phosphorus on Au(111) gives rise to a phosphorene layer with the bl-P structure.
As the structural parameters of bl-P are different from those of Au, it is not possible to adsorb a commensurate extended film on the Au(111)-(5×5), which has a lattice parameter of 14.77 Å.
The lattice parameter for free-standing bl-P was found to be 0.3275 nm from DFT, yielding lattice parameters of 0.1310 and 0.1638 nm for bl-P (4 × 4) and (5 × 5), respectively. The Au (5 × 5) lattice parameter falls right in between those for the bl-P (4 × 4) and (5 × 5). Squeezing a bl-P (5 × 5) in the Au (5 × 5) would induce a huge strain in the system, which would lead to 8 a large unfavorable energy. On the other hand, fitting a bl-P (4 × 4) on the Au (5 × 5) resulted in a stretched bl-P sheet with two neighboring bl-P 16-atom triangles. The adsorbed triangles were placed to preserve the high symmetry of the substrate as can be seen in the top part of Figure 5a . After full relaxation of the system, the P-P distance along the sides of the triangles was found to be around 0.34 nm, close to the lattice parameter of the bl-P, however, the cornerto-corner distance between triangles in neighboring unit cells was found to be around 0.44 nm, introducing a slight discontinuity of 0.1 nm, in the otherwise extended bl-P. In these two triangles of 16 atoms each, we found that 6 atoms adsorb at a height of about 0.22 nm above the remaining 10 atoms. These 2 × 6 atoms are the ones observed in both the experimental We have also performed photoemission spectroscopy measurements to characterize this structure further. The P2p and Au4f core level spectra recorded at normal emission are shown in Figure 6 . All spectra are fitted with a Doniach-Sunjic line shape. [29] The P2p spectrum ( Figure   6a ) is reproduced with two spin-orbit split components S1 and S2 located respectively at 128.88 and 129.17 eV. The best fit was obtained with a 166 meV Gaussian profile and an 80 meV Lorentzian profile, while the spin-orbit splitting is 0.865 meV and the branching ratio is 0.45.
The presence of two components indicates that the phosphorene atoms have only two chemical environments. The S1 component is assigned to the phosphorus atoms with only a phosphorus environment while the S2 component is assigned to phosphorus atoms with a gold environment, in good agreement with the model derived from the DFT calculations. Indeed, the models present two phosphorene environments; P-P and P-Au. The fit was obtained with the same parameters as for the clean Au surface. Here, the spectrum is again reproduced with the two spin-orbit split components (S3 and S4) as for the clean gold.
However, it was necessary to add an additional component (S5) located at 84.32 eV that we attribute to the gold-phosphorus environment. We observe that the S3 component attributed to the surface environment of Au does not vanish completely, indicating that a few small areas of the bare surface remain, even though none was found in the many STM images. This may be due to some bare areas of the Au surface remaining. Previous studies have reported X-ray photoemission spectroscopy (XPS) measurements. [23] However, they were not able to provide a quantitative analysis of the spectra because they had a conventional laboratory source, which did not give a high resolution as we have obtained with Synchrotron radiation.
We have also studied the valence band of phosphorene on Au(111) with ARPES. Here we probe the band structure of the new phosphorene structure composed of trimer protrusions (see Figure 4a and 5b). showing also the existence of the band gap.
In conclusion, we have shown that 2D blue phosphorene can be synthesized on Au(111) using the MBE method. At a coverage close to 1ML, the phosphorus layer forms a (5 × 5)
superstructure with a band gap of at least 0.8 eV. Moreover, the results from the STM and LEED measurements coupled with DFT calculations demonstrate that the new blue phosphorene structure consists of a stretched first layer of blue phosphorene, with additional trimers of the second layer at higher coverage. This new model is consistent with both the (5×5) periodicity and the extended periodic structure observed in the experimental STM topography.
Experimental Section
The ultra-high vacuum (UHV) apparatus in which the experiments were performed is equipped with the standard tools for surface preparation and characterization: an ion gun for A Knudsen source loaded with black phosphorus was used to grow phosphorene on the Au(111) substrate. The Au(111) surface was held at 260°C during the deposition. During the phosphorus deposition, the surface structure, thickness, and the chemical structure were controlled by AES and LEED systematically. All STM experiments were carried out at 77 K and the base pressure during the experiments was < 3.0 × 10 -10 mbar.
To support the experimental conclusions, we performed DFT calculations using the projector augmented wave (PAW) method [30, 31] and the Perdew-Burke-Ernzenhof generalised gradient approximation (GGA-PBE) [32] functional as implemented in the Vienna ab initio simulation package (VASP) version 5.4.1. [33] To model the unreconstructed Au(111) surface, we used a 5 layer slab with periodic boundary conditions. Each layer contained 25 atoms, representing the (5 × 5) structure. A 15-17 Å of vacuum space was placed vertically between slabs. We used a plane-wave energy cutoff of 255 eV. The Brillouin zone was sampled using a 4 × 4 × 1 k-point mesh, and the force criterion was set at 0.01 eV/Å. The bottom two layers of the substrate were kept fixed at their bulk positions, while the top three layers and all the phosphorus atoms were allowed to relax. The calculated STM images were produced from the partial charge density of the relaxed systems using the Tersoff-Hamann method. [34] 
